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Abstract
A pseudo-Nambu-Goldstone boson (pNGB) is an attractive candidate for dark
matter since the current severe limits of dark matter direct detection experiments are
naturally evaded by its nature. We construct a model with pNGB dark matter based
on a gauged U(1)B−L symmetry, where no ad-hoc global symmetry is assumed. The
model keeps natural suppression mechanism for the dark matter direct detection
cross section. On the other hand, the pNGB can decay through the new high scale
suppressed operators. We show that the pNGB has long enough lifetime to be a
dark matter in the wide range of the parameter space of the model. The thermal
relic abundance of pNGB dark matter can be fit with the observed value against
the constraints on the dark matter decays from the cosmic-ray observations.
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1 Introduction
The existence of dark matter is inferred from various observations through gravity over
the past decades such as rotational curves of spiral galaxies [1,2], gravitational lensing [3],
cosmic microwave background [4] and collision of Bullet Cluster [5]. However, the nature
of dark matter is still unknown. Identification of dark matter is important not only for
cosmology but also for particle physics because any standard model particles cannot play
a role of dark matter.
Many kinds of dark matter candidates have been proposed so far. One of the promi-
nent candidates is so-called Weakly Interacting Massive Particle (WIMP). The attractive
feature of WIMPs is that the relic abundance is thermally determined in the early uni-
verse. The WIMP mass whose interaction is close the electroweak interaction is predicted
in the range of 10 GeV – 100 TeV. Such WIMPs are basically detectable through non-
gravitational interactions. Although WIMPs are being searched through direct detection,
indirect detection and collider production, no clear signals of WIMPs have been confirmed
yet. As a result, these experiments severely constrain WIMP mass and interactions. In
particular, recent direct detection experiments provide the strong upper bounds on the
elastic scattering cross section between dark matter and nucleon [6–8].
In order to pursue WIMPs further in the current situation, we have to consider mech-
anisms to avoid the severe constraint from the direct detection experiments. One way
is to consider a fermionic dark matter with pseudo-scalar interactions [9]. In this case,
since the scattering amplitude at tree level is suppressed by the momentum transfer in
non-relativistic limit due to the spin structure, the leading contribution to the amplitude
appears at loop level [10–14].
Another option is to consider a pseudo-Nambu-Goldstone boson (pNGB) as dark mat-
ter [15, 16]. Since all the interactions are written by derivative couplings in non-linear
representation, the scattering amplitude for direct detection vanishes in non-relativistic
limit.1 The leading contribution comes from one-loop level, and the order of the elastic
cross section has been evaluated as O(10−48) cm2 at most [24,25]. Since this magnitude of
the elastic cross section is considerably small, probing pNGB dark matter by future direct
detection experiments may be difficult. However, indirect detection and collider searches
are more promising, and there are some works in this direction [26,27]. In addition, global
fitting of the pNGB dark matter with comprehensive analysis has been done in Ref. [28].
In this paper, we propose a model of the pNGB dark matter from a gauged U(1)B−L
symmetry.2 We introduce two complex scalars with QB−L = +1 and +2, and three right-
handed neutrinos for gauge anomaly cancellation. The pNGB dark matter scenario in
1A pNGB dark matter also appears in the composite Higgs models. In this context, the suppression
of the elastic scattering amplitude has been studied in Ref. [17–23].
2 Gauge symmetries are also motivated by the conjecture that there is no global symmetry in quantum
gravity [29, 30].
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SU(3)c 3 3 3 1 1 1 1 1 1
SU(2)L 2 1 1 2 1 2 1 1 1
U(1)Y +1/6 −2/3 +1/3 −1/2 +1 +1/2 0 0 0
U(1)B−L +1/3 −1/3 −1/3 −1 +1 0 +1 +1 +2
Table 1: Particle contents and quantum charges.
Ref. [16] is realized in the decoupling limit, where the U(1)B−L symmetry breaking scale
is taken to be infinity. In contrast to the original pNGB dark matter scenario, the pNGB
decays due to the new interactions through the heavy particles. The stability of the
pNGB is determined by the breaking scale of the U(1)B−L symmetry. We show that the
pNGB can be long-lived over the current upper bound of the lifetime from the cosmic-ray
observations. We also study the consistencies with the relic abundance of dark matter,
and low energy phenomenology.
The rest of this paper is organized as follows. In Sec. 2, a pNGB is introduced from
the U(1)B−L symmetry breaking. In Sec. 3, the longevity of the pNGB as dark matter
is investigated. We also study the relevant constraints on our pNGB dark matter such
as the relic abundance of dark matter, the perturbative unitarity, and the Higgs invisible
decay and signal strength. Sec. 4 is devoted to our conclusion.
2 The Model
The particle contents and the charge assignments under the gauge group SU(3)c ×
SU(2)L × U(1)Y × U(1)B−L are shown in Tab. 1. We note that the model is consist of
particles in the ordinary U(1)B−L model and an additional scalar singlet S with QB−L =
+1. The gauge kinetic terms of the new particles charged under U(1)B−L are written as
LK = (DµS)†(DµS) + (DµΦ)†(DµΦ) + νRi /DνR − 1
4
XµνX
µν − sin ǫ
2
XµνB
µν , (1)
where Dµ ≡ ∂µ+ igB−LQB−LXµ is the covariant derivative with the new gauge boson Xµ
associated with the U(1)B−L symmetry. The field strengths for U(1)B−L and U(1)Y are
denoted by Xµν and Bµν , respectively. The last term is the gauge kinetic mixing between
Xµ and Bµ. An extra mass eigenstate Z
′ of neutral gauge bosons is mainly composed
by the new gauge boson Xµ. The detailed calculations of diagonalization of the kinetic
mixing and mass matrix is summarized in Appendix A.
The scalar potential is written as
V (H,S,Φ) =− µ
2
H
2
|H|2 − µ
2
S
2
|S|2 − µ
2
Φ
2
|Φ|2 + λH
2
|H|4 + λS
2
|S|4 + λΦ
2
|Φ|4
2
+ λHS|H|2|S|2 + λHΦ|H|2|Φ|2 + λSΦ|S|2|Φ|2 −
(
µc√
2
Φ∗S2 + c.c.
)
. (2)
The CP phase of the cubic term is eliminated by the field redefinition of Φ. All the scalar
fields develop vacuum expectation values (VEVs), and they are parametrized by
H =
(
0
(v + h)/
√
2
)
, S =
vs + s+ iηs√
2
, Φ =
vφ + φ+ iηφ√
2
. (3)
In the limit µc → 0, the scalar potential has two independent global U(1) symmetries
associated with the phase rotation of S and Φ, respectively. When µc 6= 0, these U(1)
symmetries are merged to the U(1)B−L symmetry. Therefore, one of NGBs is absorbed
by Xµ, while the other appears as a physical pNGB with the mass proportional to µc.
We note that µc is naturally small in ’t Hooft sense because of the enhanced symmetry
argument. One can intuitively understand that if the scalar Φ gets the VEV vφ , the last
term gives effective mass term µcvφS
2/2 for the NGB.
By solving stationary conditions for µ2H , µ
2
S, µ
2
Φ, the mass matrix for the CP-even
scalars in the (h, s, φ) basis is
M2even =


λHv
2 λHSvvs λHΦvvφ
λHSvvs λSv
2
s λSΦvsvφ − µcvs
λHΦvvφ λSΦvsvφ − µcvs λΦv2φ + µcv
2
s
2vφ

 . (4)
This mass matrix is approximately diagonalized by the matrix
U ≈


1 0 λHΦv
λΦvφ
0 1 λSΦvs
λΦvφ
−λHΦv
λΦvφ
−λSΦvs
λΦvφ
1



 cos θ sin θ 0− sin θ cos θ 0
0 0 1

 , (5)
where U(1)B−L symmetry breaking is assumed mainly by vφ. The gauge eigenstates
(h, s, φ) are expressed by the mass eigenstates (h1, h2, h3) as
 hs
φ

 = U

 h1h2
h3

 , (6)
where the mixing angle θ is given by
tan 2θ ≈ 2vvs(λHSλΦ − λHΦλSΦ)
v2(λ2HΦ − λHλΦ)− v2s(λ2SΦ − λSλΦ)
. (7)
The corresponding mass eigenvalues for hi are approximately evaluated as
m2h1 ≈ λHv2 −
λ2HΦλS − 2λHSλHΦλSΦ + λΦλ2HS
λSλΦ − λ2SΦ
v2, (8)
3
m2h2 ≈
λSλΦ − λ2SΦ
λΦ
v2s +
(λΦλHS − λHΦλSΦ)2
λΦ(λSλΦ − λ2SΦ)
v2, (9)
m2h3 ≈ λΦv2φ. (10)
We identify h1 as the SM-like Higgs boson with the mass mh1 = 125 GeV.
The mass matrix of the CP-odd scalars in the gauge eigenstates (ηs, ηφ) is written as
M2odd =
µc
2vφ
(
4v2φ −2vsvφ
−2vsvφ v2s
)
. (11)
This mass matrix can be diagonalized as
V TM2oddV =
(
m2χ 0
0 0
)
, m2χ =
(v2s + 4v
2
φ)µc
4vφ
, (12)
where the unitary matrix V is given by
V =
1√
v2s + 4v
2
φ
(
2vφ vs
−vs 2vφ
)
. (13)
The gauge eigenstates (ηs, ηφ) are rewritten by the mass eigenstates (χ, χ˜) as(
ηs
ηφ
)
=
1√
v2s + 4v
2
φ
(
2vφ vs
−vs 2vφ
)(
χ
χ˜
)
, (14)
where χ˜ is the NGB absorbed by Xµ, and χ corresponds to the pNGB which will be
identified as dark matter.
The following Yukawa interactions are also invariant under the imposed symmetry
LY = −(yν)ijH˜†νRiLj − (yΦ)ij
2
ΦνcRiνRj + h.c. (15)
After the U(1)B−L symmetry breaking, the right-handed neutrinos obtain the Majorana
mass M ≡ yΦvφ/
√
2. Thus, the small masses for active neutrinos are generated by the
type-I seesaw mechanism as mν ≈ −mDM−1mTD with the Dirac mass mD ≡ yνv/
√
2.
Since the heaviest neutrino mass is roughly fixed by the neutrino oscillation data as
mν ∼ 0.1 eV, the required scale of the VEV vφ is estimated as
mν ∼ y
2
νv
2
√
2yΦvφ
∼ 0.1 GeV → vφ ∼ 4.3× 1014GeV
(
y2ν
yΦ
)
. (16)
The scale vφ is large enough as compared to the electroweak scale unless the Dirac Yukawa
coupling yν is considerably small.
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3 Long-lived Dark Matter
First of all, we check the cancellation of the scattering amplitude for direct detection
in this model. When vφ is much larger than v and vs, the three-point interactions among
the pNGB and CP-even scalars are expressed as
Lχχhi = −
∑
i=1,2,3
κχχhi
2
χ2hi, (17)
where each coupling coefficient κχχhi is given by
κχχh1 ≈ −
m2h1 sin θ
vs
, κχχh2 ≈ +
m2h2 cos θ
vs
, κχχh3 ≈ +
m2h3
vs
λSΦvs
λΦvφ
. (18)
We note that these couplings are proportional to the corresponding scalar masses. The
CP-even scalar exchanging scattering amplitudes of the pNGB and SM particles are ex-
pressed as
iM∝ sin θ cos θ
vs
(
− m
2
h1
q2 −m2h1
+
m2h2
q2 −m2h2
)
+O(1/vφ), (19)
where q is the momentum transfer. Due to this structure, the elastic scattering cross
section of dark matter and nucleon is suppressed in the non-relativistic limit. This is
nothing less than the same cancellation mechanism of the pNGB dark matter for the
direct detection [16].3 Therefore, the pNGB derived from the gauged U(1)B−L model can
be a good candidate for dark matter.
It is necessary to examine the longevity of the pNGB to be dark matter, because our
pNGB is unstable. The SM particles are produced by the decays of the pNGB dark matter
candidate, and these particles further decay into the stable particles such as e±, γ, ν, p,
p. These cosmic-rays can be signals of dark matter or constrained by observations. In
this paper, following the analysis of gamma rays coming from dwarf spheroidal galaxies
using Fermi-LAT data [31], we study constraints of our model from a conservative limit
of the dark matter lifetime τDM & 10
27 s, or equivalently ΓDM . 6.6×10−52 GeV in terms
of decay width.
One of possible two body decay channels is χ→ νν through the scalar mixing and the
neutrino heavy-light mixing. The partial decay width is roughly estimated as Γχ→νν .
10−67 GeV. This is small enough to guarantee the dark matter (meta-)stability thanks to
the strong suppression by the small neutrino masses. In addition, the current experimental
upper bound for this channel is much weaker than our estimate, since the observation of
the produced neutrino cosmic-rays is much more difficult than those of charged particles
such as e±, p, p. Thus, this decay channel can be safely ignored.
3 This cancellation mechanism works if and only if the U(1)B−L charge of S is unity.
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Figure 1: Feynman diagrams of the dark matter decay.
Another two body decay mode χ→ hiZ, depicted in the left panel of Fig. 1, becomes
important if it is kinematically allowed for mχ > mhi +mZ . The total decay width for
this channel is computed as
Γ2-body =
∑
i
Γχ→hiZ ≈
g2B−L
16πm4Z′
m2Zm
3
χ sin
2 θW sin
2 ǫ
= 5.8× 10−52 GeV
(
mχ
0.5 TeV
)3(
1015 GeV
mZ′
)2(
1015 GeV
vφ
)2(
sin ǫ
1/
√
2
)2
, (20)
where the mass hierarchy mh1, mh2 , mZ ≪ mχ ≪ mh3 , mZ′ is applied for this approxi-
mated formula. This two body decay becomes important if there is a large gauge kinetic
mixing sin ǫ,4 and is irrelevant for the vanishing gauge-kinetic mixing. Since χ is ηs-like,
the main contribution to this decay channel comes from χ → h2Z where h2 is s-like.
Further suppression due to the scalar mixing is expected for other decay channels, e.g.,
χ → h1Z. A decay process emitting a photon such as χ → hiγ is forbidden due to the
helicity conservation.
One can naively expect that three body decay processes are subdominant if the above
two body decay processes are kinematically allowed. However, three body decays could be
dominant depending on parameters, in particular when the gauge kinetic mixing is small.
There are two possible three body decay processes χ→ Zff and χ→ hiff . The former
is mediated by the heavy CP-even scalar h3, and is possible only when the gauge kinetic
mixing is non-zero as same as the above two body decay process. The decay width is
extremely suppressed by the heavy h3 mass and small scalar mixing, thus this is ignored.
The latter process is mediated by the heavy Z ′ gauge boson as depicted in the right panel
of Fig. 1. In the case that mf ≪ mhi, mχ ≪ mZ′ , the decay width is computed as
Γχ→hiff =
g2B−LU
2
sim
5
χ
768π3m4Z′
cos2 ζ
cos2 ǫ
(
gfV
2
+ gfA
2
)[
1− 8ξi + 8ξ3i − ξ4i − 12ξ2i log ξi
]
, (21)
4 A bound on the kinetic mixing sin ǫ is obtained from the perturbative unitarity if the new gauge
boson mass is lighter than TeV scale [32]. However this bound is irrelevant to our case since the new
gauge mass is assumed to be much heavier than TeV scale.
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where ξi ≡ m2hi/m2χ and Usi (i = 1, 2) is the element of the CP-even scalar mixing matrix
in Eq. (5). The mixing matrix elements are explicitly given by Us1 ≈ − sin θ, Us2 ≈ cos θ.
The coefficients gfV/A are the coupling constants between the heavy gauge boson Z
′ and
vector or axial vector current, which are defined by
LZ′ff = −Z ′µfγµ
[
gfV + g
f
Aγ5
]
f. (22)
Their expressions in mZ ≪ mZ′ limit are given by
gfV ≈− g1(Qfem − T f3 ) tan ǫ+
gB−L
cos ǫ
QfB−L, (23)
gfA ≈ 0, (24)
where Qfem, T
f
3 and Q
f
B−L correspond to electromagnetic charge, the third component of
weak isospin and B − L charge of the fermion f , respectively. The mixing angle ζ is
introduced to diagonalize the gauge boson mass matrix as summarized in Appendix A.
It is useful to take some specific values of the parameters to understand the behavior
of the three body decay width. Here, we consider the two cases, sin ǫ = 0 and 1/
√
2.
First, when there is vanishing gauge kinetic mixing (sin ǫ = 0), the total three body decay
width can simply be computed as
Γ3-body
∣∣∣
sin ǫ→0
=
∑
i
∑
f
Γχ→hiff ≈
13
16
g4B−L
1536π3
m5χ
m4Z′
≈ 5.3× 10−52 GeV
(
mχ
0.5 TeV
)5(
1015 GeV
vφ
)4
, (25)
where we used the relation m2Z′ ≈ 4g2B−Lv2φ. The second case is a typical value of non-zero
gauge kinetic mixing (sin ǫ = 1/
√
2). Then, the total decay width can be evaluated as
Γ3-body
∣∣∣
sin ǫ→1/√2
=
∑
i
∑
f
Γχ→hiff ≈
g2B−L
768π3
m5χ
m4Z′
(
10g21 − 8
√
2g1gB−L + 26g
2
B−L
)
= 4.1× 10−52 GeV
(
mχ
0.5 TeV
)5(
1015 GeV
mZ′
)2(
1015 GeV
vφ
)2
×
[
1− 2
√
2
5
mZ′
g1vφ
+
13
20
m2Z′
g21v
2
φ
]
. (26)
From the above calculations, one can find that the two body decay width in Eq. (20) is
proportional to m3χ, while the three body decay widths in Eq. (25), (26) are proportional
to m5χ. Therefore the three body decay width tends to be dominant when the dark matter
mass mχ is large. Another important point is that the two body decay width vanishes
when there is no gauge kinetic mixing while the three body decay occurs even in the case.
In our model, there are 10 independent parameters in total, which are relevant to the
decaying pNGB dark matter. These may be chosen to as mχ, mh2 , mh3, mZ′, sin θ, vs, vφ,
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Figure 2: Allowed regions in the (mχ, vφ) plane. The scalar mass is fixed as mh2 =
300 GeV for the left panels and mh2 = 1000 GeV for the right panels. The new gauge
boson mass is fixed as mZ′ = 10
14 GeV in the upper panels and mZ′ = 10
15 GeV in
the lower panels. The orange regions are excluded by the conservative bound of the dark
matter lifetime (τDM & 10
27 s). The gray region is disfavored by the perturbative unitarity
bound of the gauge coupling gB−L. The upper light blue region denotes the parameter
space that the VEV vφ becomes larger than the Planck mass MP .
λHΦ ,λSΦ and sin ǫ. The Yukawa couplings yν and yΦ are irrelevant for the pNGB sector,
and one can always take appropriate Yukawa couplings and right-handed neutrino masses
consistently with the neutrino oscillation data. Only 4 parameters (mχ, sin θ, vs, mh2) are
important for the phenomena of the stable dark matter, which are used in the discussion
in the next section. The other parameters are relevant to the dark matter decay. In our
numerical calculations, we choose the following parameter sets as examples:
mh2 = 300 or 1000 GeV, mh3 = 10
13 GeV, mZ′ = 10
14 or 1015 GeV,
sin θ = 0.1, λHΦ = λSΦ = 10
−6, sin ǫ = 0 or
1√
2
. (27)
The gauge coupling gB−L and the quartic coupling λΦ are fixed by gB−L ≈ m2Z′/(4v2φ) and
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λφ ≈ m2h3/v2φ for a given VEV vφ. The mixing angle sin θ is constrained as sin θ . 0.3
for mh2 & 100 GeV by the electroweak precision measurements and the direct search
of the second Higgs boson [33, 34]. This constraint can also be applied for our model.
The quartic couplings λHΦ and λSΦ are taken small such that the approximate formulae
Eq. (8) and (9) are valid. If these couplings are large, the negative contributions to the
CP-even scalar masses in Eq. (8) and (9) become significant and make them tachyonic.
Note that one can take these quartic couplings larger than Eq. (27) for smaller VEV vφ.
However, we choose as Eq. (27) for simplicity so that the quartic couplings retain constant
in our numerical calculations.
In Fig. 2, we show the allowed parameter region from the (meta-)stability constraint
of dark matter in the plane (mχ, vφ). The orange region is ruled out by the cosmic-ray
observation. The perturbative unitarity bound of the U(1)B−L gauge coupling exclude the
lower gray region. The VEV vφ becomes larger than the Planck scaleMP = 1.2×1019 GeV
in the upper light blue region.5 One can find from the plots that when the dark matter
mass mχ becomes larger than the threshold of the decay channel χ→ h2ff (mχ & mh2),
the total decay width is enhanced and the bound of the cosmic-ray observations becomes
stronger. The scaling behavior of the orange region is observed as vφ ∝ m5/4χ for no
kinetic mixing and vφ ∝ m5/2χ for a large kinetic mixing in heavier dark matter mass
region. This follows from the analytic formulae of the total three body decay width in
Eqs. (25) and (26). Characteristic threshold behaviors are also seen at mχ ∼ mh2 +mZ ,
where mh2 = 300 (1000) GeV is taken in the left (right) panels.
We here comment on the possible four body decay channel. If the dark matter mass
is too small to decay through the above two or three body decay process, the four body
decay process χ → h∗iZ∗ → fff ′f ′ would be the main decay channel of dark matter.
However, the decay width is too small to be constrained or be signals of dark matter at
present.
Finally, we confirm the consistency of our model with the observed dark matter relic
abundance. For calculations of the dark matter relic abundance, the model is implemented
in CalcHEP [36] by using LanHEP [37]. The physical quantities relevant to dark matter
such as thermal relic abundance, all the decay widths, spin-independent cross section for
direct detection are computed by using micrOMEGAs [38]. In Fig. 3, we show the con-
sistency of our pNGB dark matter model with the observed relic abundance in the plane
(mχ, v/vs). The red line represents the parameter space reproducing the observed thermal
relic abundance within 3σ range of the PLANCK data ΩDMh
2 = 0.120 ± 0.001 [4]. One
can see the two resonances in Fig. 3 due to the two Higgs bosons h1 and h2. The purple
region is excluded by the measurements of the Higgs invisible decay [39,40] and the signal
strength [41] and the upper gray region is ruled out by the perturbative unitarity bound
5If we consider a cosmic string creation after the inflation, the VEV breaking U(1)B−L symmetry is
restricted as vφ < 4× 1015 GeV from the CMB observation, which is discussed in Ref. [35].
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Figure 3: Allowed regions in the (mχ, v/vs) plane. The scalar mass is fixed as mh2 =
300 GeV for the left panels and mh2 = 1000 GeV for the right panels. The gauge kinetic
mixing is chosen as sin ǫ = 0 (no kinetic mixing) in the upper panels and sin ǫ = 1/
√
2
(maximal mixing) in the lower panels. The red line corresponds to the thermal dark matter
relic abundance consistent with the PLANCK Collaboration [4]. The purple, gray, orange
and green regions are excluded by the constraints of the Higgs invisible decays [39,40] and
the Higgs signal strength [41], the perturbative unitarity bound on λS [42], the cosmic-ray
constraint (τDM & 10
27 s) [31] and the gamma-ray observation [43], respectively.
of the quartic coupling λS < 8π/3 [42]. The green region is excluded by the gamma-ray
observation coming from dwarf spheroidal galaxies where the effective annihilation cross
section into bb defined by 〈σeffvrel〉 ≡ 〈σbbvrel〉 (ΩDMh2/0.120)2 with the dark matter rela-
tive velocity vrel becomes larger than the current upper bound given by Fermi-LAT [43].
6
6Note that the parameter space excluded by the gamma-ray observation shown in Fig. 3 is different
from the previous work [26]. This is because in the previous work the dark matter abundance in our
galaxy has been assumed to be the observed value (ΩDMh
2 ≈ 0.120) regardless of the thermal abundance
computed at each parameter space. This can occur after thermal production of dark matter via additional
non-thermal dark matter production or entropy production, for instance. On the other hand in our case,
thermal dark matter production is only assumed.
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These behavior is basically same with the previous work as expected [16]. The orange
region is excluded by the upper bound on the dark matter lifetime τDM & 10
27 s where
the VEV is fixed as vφ = 10
13 GeV, 1014 GeV, 1015 GeV. One can observe from the plots
that the bound becomes stronger for small vφ and non-zero gauge kinetic mixing sin ǫ.
4 Conclusion
We have studied the pNGB dark matter scenario derived from the gauged U(1)B−L
symmetry. The model is consist of particles in the ordinary U(1)B−L model with an
additional scalar singlet with QB−L = +1. The small neutrino masses have also been
generated via type-I seesaw mechanism as usual. In this model, the pNGB associated with
U(1)B−L symmetry breaking is identified as a dark matter candidate. The interactions of
the new U(1)B−L gauge boson and the scalar mixing have led the decays of the pNGB.
We have shown that the lifetime of the pNGB is long enough to be dark matter. We have
also found the parameter space, which are consistent with the relevant constraints such
as observed relic abundance of dark matter, Higgs invisible decay, Higgs signal strength,
and perturbative unitarity bound of the couplings.
For future prospects, the planned gamma-ray observations such as Cherenkov Tele-
scope Array (CTA) [44] and Large High Altitude Air Shower Observatory (LHAASO) [45]
can explore the dark matter mass over 100 GeV. In particular, the LHAASO experiment
is already being operated, and can search the dark matter mass region between 1 TeV
and 100 TeV. The upper bound on the dark matter lifetime is expected to be updated
by one order of magnitude as discussed in Ref. [46]. These upcoming experiments will be
able to explore full parameter space of our gauged U(1)B−L pNGB dark matter.
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A Gauge kinetic mixing
When the kinetic terms of the U(1)Y and U(1)B−L gauge fields are given by
LGK = −1
4
BµνB
µν − 1
4
XµνX
µν − sin ǫ
2
BµνX
µν , (28)
11
these can be diagonalized as
LGK = −1
4
BˆµνBˆ
µν − 1
4
XˆµνXˆ
µν , (29)
by the linear transformation(
Bµν
Xµν
)
=
(
1 − tan ǫ
0 1/ cos ǫ
)(
Bˆµν
Xˆµν
)
≡ VGK
(
Bˆµν
Xˆµν
)
. (30)
On the other hand, the mass matrix of the neutral gauge bosons is given by
LM = 1
2
(
Bµ W
3
µ Xµ
) sin
2 θWm
2
Z˜
− sin θW cos θWm2Z˜ 0
− sin θW cos θWm2Z˜ cos2 θWm2Z˜ 0
0 0 m2X



 B
µ
W 3µ
Xµ

 ,
(31)
where the following parameters are defined:
sin θW ≡ g1√
g21 + g
2
2
, cos θW ≡ g2√
g21 + g
2
2
, (32)
m2
Z˜
≡ g
2
1 + g
2
2
4
v2, m2X ≡ g2B−L(v2s + 4v2φ). (33)
In the kinetic term diagonalized base, the mass matrix of the neutral gauge boson Mˆ2G is
written as
Mˆ2G = V˜
T
GK

 sin
2 θWm
2
Z˜
− sin θW cos θWm2Z˜ 0
− sin θW cos θWm2Z˜ cos2 θWm2Z˜ 0
0 0 m2X

 V˜GK , (34)
where V˜GK is given by
V˜GK =

 1 0 − tan ǫ0 1 0
0 0 1/ cos ǫ

 . (35)
The mass matrix Mˆ2G can be diagonalized by the unitary matrix
UG =

 cos θW − sin θW 0sin θW cos θW 0
0 0 1



 1 0 00 cos ζ − sin ζ
0 sin ζ cos ζ

 , (36)
where the mixing angle ζ is expressed by
tan 2ζ =
−m2
Z˜
sin θW sin 2ǫ
m2X −m2Z˜(cos2 ǫ− sin2 θW sin2 ǫ)
. (37)
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In the limit of m2
Z˜
≪ m2X as in our case, we can find that tan 2ζ ≈ − m
2
Z
m2
Z′
sin θW sin 2ǫ≪
1. As a result, the gauge eigenstates can be written in terms of the mass eigenstates
(Aµ, Zµ, Z
′
µ) as 
 BµW 3µ
Xµ

 = V˜GKUG

 AµZµ
Z ′µ

 , (38)
where the gauge bosons Aµ, Zµ and Z
′
µ correspond to the photon, the SM-like Z boson
and the new massive gauge boson. The mass eigenvalues are given by
m2Z =
1
2
[
M
2 −
√
M
4 − 4m
2
Z˜
m2X
cos2 ǫ
]
, m2Z′ =
1
2
[
M
2
+
√
M
4 − 4m
2
Z˜
m2X
cos2 ǫ
]
, (39)
where M
2
is defined by M
2 ≡ m2
Z˜
(1 + sin2 θW tan
2 ǫ) + m2X/ cos
2 ǫ. In the limit ǫ → 0,
these mass eigenvalues are reduced to the usual expressions
m2Z → m2Z˜ =
g21 + g
2
2
4
v2, m2Z′ → m2X = g2B−L(v2s + 4v2φ). (40)
One can see that Eq. (40) corresponds to the SM Z boson mass.
Finally, we will derive the interactions of these gauge bosons, which are used to evaluate
the decay widths of the pNGB dark matter. The interactions with the dark matter come
from the covariant derivative of S, and its expressions are given by
LZhiχ =
∑
i
gB−L
sin ζ
cos ǫ
Usi√
1 + v
2
s
4v2
φ
Zµ(hi∂
µχ− χ∂µhi), (41)
LZ′hiχ =
∑
i
gB−L
cos ζ
cos ǫ
Usi√
1 + v
2
s
4v2
φ
Z ′µ(hi∂
µχ− χ∂µhi). (42)
The couplings between the heavy gauge boson Z ′ and the (axial) vector currents of the
SM fermion f is defined by
LZ′ff = −Z ′µfγµ
[
gfV + g
f
Aγ5
]
f, (43)
and the explicit expression of the coefficients are given by
gfV =−
g2
2
T f3 sin ζ cos θW + g1(Q
f
em − T f3 )(sin ζ sin θW − cos ζ tan ǫ)
+ gB−LQ
f
B−L
cos ζ
cos ǫ
, (44)
gfA =
g2
2
T f3 sin ζ cos θW . (45)
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